The thermal interdiffusion of AlSb/ GaSb multiquantum wells was measured and the intrinsic diffusivities of Al and Ga determined over a temperature range of 823-948 K for 30-9000 s. The 77-K photoluminescence ͑PL͒ was used to monitor the extent of interdiffusion through the shifts in the superlattice luminescence peaks. The chemical diffusion coefficient was quantitatively determined by fitting the observed PL peak shifts to the solution of the Schrödinger equation, using a potential derived from the solution of the diffusion equation. The value of the interdiffusion coefficient ranged from 5.2ϫ 10 −4 to 0.06 nm 2 / s over the conditions studied and was characterized by an activation energy of 3.0± 0.1 eV. The intrinsic diffusion coefficients for Al and Ga were also determined with higher values for Al than for Ga, described by activation energies of 2.8± 0.4 and 1.1± 0.1 eV, respectively.
I. INTRODUCTION
Devices using semiconductor heterostructures require detailed consideration of the electronic band-structure design, structural stability, and chemical compatibility of the component layers. The resulting device heterointerfaces are affected by defects within the bulk and at the surface, compositional transitions, and exposure to high temperatures. In the present work, the AlSb/ GaSb heterointerface is studied. The near lattice-matched InAs/ GaSb/ AlSb system is finding use in many quantum structures, [1] [2] [3] or as the ternary alloy such as AlGaSb/ GaSb. 4 Electronic and optoelectronic heterostructures have been proposed utilizing these materials in hundred gigahertz logic circuits, terahertz transistors, resonant tunneling diodes, 5 infrared lasers, and infrared detectors. These applications are enabled by the unique band alignments within this heterojunction system. Superlatticebased photodetectors have been proposed which allow normal-incidence electronic intersubband transitions. 1, 6 Intersubband optical transitions within AlSb/ GaSb/ InAs quantum well ͑QW͒ structures have drawn attention because of their large oscillator strength and the wide tunability over the near-to far-infrared wavelength range. 2 The large difference in the refractive indices between GaSb and AlSb has allowed the design of high reflectivity Bragg reflectors required in vertical-cavity surface-emitting lasers ͑VCSEL's͒ used for high-bit rate optical communication. 4 Controlled compositional transitions across interfaces and the detailed microstructure during growth and processing can determine and limit the device performance. Interdiffusion can lead to shifts in the optical characteristics of devices due to modifications in the electronic band structure after thermal treatments. In electronic devices, initially square quantum wells can acquire graded concentration profiles which can affect the electrical transport across and parallel to the heterointerface. By characterizing the interdiffusion rates, determining the activation energies involved, processing conditions can be adjusted to reach and maintain performance standards for a device structure.
The interdiffusion at ͑Al, Ga͒Sb/ GaSb interfaces has not been studied as extensively as that in the arsenide systems such as InGaAs/ GaAs, 7, 8 AlAs/ GaAs, 9 or quaternary material systems such as InGaAs/ InP. [10] [11] [12] [13] In this paper, diffusion in ͑Al, Ga͒Sb/ GaSb multiple quantum well structures was characterized and both the chemical interdiffusion rate of Al and Ga across the interface and the chemical intrinsic diffusivities of Al and Ga were determined using a phenomenological model. Photoluminescence ͑PL͒ spectra were measured at 77 K from ten-period ͑Al, Ga͒Sb/ GaSb superlattices before and after interdiffusion, which was controlled by rapid thermal annealing the samples at selected temperatures and time periods.
PL is a common technique used in interdiffusion studies. Alternative techniques include Auger electron spectroscopy ͑AES͒, x-ray diffraction ͑XRD͒, 14 transmission electron microscopy ͑TEM͒, 15 secondary-ion-mass spectroscopy ͑SIMS͒, 16 and infrared-absorption spectroscopy ͑or Fourier transform IR͒. 17 Similar quantum well structures have been used with these techniques, yet some of these methods exhibit considerable limitations. For example, intermixing caused by the sputter erosion in AES measurements can perturb the measured profile. Especially during the early stages of intermixing where the degree of interdiffusion is very small, optical techniques such as PL have demonstrated promising results. 18 Therefore, PL spectra were used for this study to obtain quantitative data at the initial stages of interdiffusion.
Blueshifts in the PL spectra observed after interdiffusion for the first-order electron to heavy-hole transition were fitted to the solution of the Schrödinger equation within an envelop function approximation, 18 using a potential derived from the solution of Fick's second law of diffusion, to quantitatively determine the chemical diffusion coefficients. The expected PL blue energy shift was calculated by adding the confinement energies at the conduction and valence bands with the resulting minimum-energy band gap of the wells. Two models are employed. Model 1 assumes no concentration dependence to the chemical diffusion coefficient. The observed PL blue energy shift at each anneal time period, t, was compared to the calculated shift at each D t to determine the interdiffusion coefficient, D . Within model 2, the concentration dependence was included by relating D to the aluminum composition ͑cation mole fraction͒, c, and intrinsic diffusion coefficients of the species involved ͑D Al and D Ga ͒ by following Darken's analysis, 19 such that,
Thus, three diffusion coefficients, D , D Al , and D Ga , were determined for each temperature studied. Models 1 and 2 were used to determine the extent of the concentration dependence to D and determine the Arrhenius parameters for the interdiffusion and intrinsic diffusion of Al and Ga.
II. METHODOLOGY

A. Experiment
The structures analyzed for this study consist of tenperiod multiple quantum wells of GaSb films separated by either AlSb ͑samples 1-3͒ or Al 0.6 Ga 0.4 Sb barriers ͑sample 4͒. The sample descriptions are summarized in Table I . The substrate material was GaSb͑100͒ with a miscut of 6°toward the nearest ͑111͒B direction. GaSb well layers ranged between 12.9 and 14.8 nm thick, while barrier regions ranged between 1.9 and 4.4 nm thick, as determined from growth calibrations and verified through x-ray diffraction measurements. To prevent the surface Al oxidation, a GaSb top layer was grown on all samples. All samples described in Table I were grown by metal-organic vapor phase epitaxy ͑MOVPE͒ at 823 K ͑samples 1 and 2͒ or 773 K ͑samples 3 and 4͒ and capped with a 100-nm plasma-deposited SiN x layer grown at 523 K and 40 mTorr. The SiN x capping layer prevents Sb sublimation during the thermal anneals. Samples were cleaved into multiple pieces each with the dimensions of 1 ϫ 0.5 cm 2 . These pieces were thermally annealed at selected temperatures from 823 to 948 K and times ranging from 30 to 9000 s. Samples were annealed in a graphite crucible on a Si wafer with the SiN x cap facing upwards, at a pressure of 200 mbar in a N 2 atmosphere. Photoluminescence spectra before and after the thermal anneals were measured at 77 K by immersion in liquid nitrogen. The PL excitation source was a 780-nm diode laser. The beam was focused on the sample using a fiber optic and the resulting PL was filtered using a double-sided polished GaAs wafer. PL was detected using an InGaAs extended wavelength detector with a 1.7-m wavelength cutoff. X-ray diffraction rocking curve measurements were carried out on both the annealed and as-grown samples to determine the period length, barrier and well widths, and average composition. Rocking curves were simulated using commercial dynamical simulation software.
B. PL model development
The interdiffusion of Al and Ga across the ͑Al, Ga͒Sb/ GaSb interfaces was characterized by studying the changes in confinement energy within the wells as a function of time and temperature. Quantum-mechanical wave-function calculations were performed to model the interband transition energy shifts resulting from the changes in well geometry after annealing. Two different algorithms were written to calculate the expected PL energy shifts. Both models solve Fick's second law of diffusion along with Schrödinger's equation to determine the quantum confinement within the wells. The one-dimensional timeindependent Schrödinger's wave equation is
where E n and n ͑x͒ are the total energy and wave function, respectively, corresponding to the nth state of the particle under study ͑e.g., electron, heavy hole, or light hole͒, m * is the effective mass of the particle, and ប is Planck's constant. The effective masses used were the composition-averaged values from GaSb and AlSb effective masses. 20 The potential profile V͑x͒ was represented as a periodic function expanded as a Fourier series in the reciprocal-lattice vectors, G, having the form:
where 
where G is evaluated for all values of index , i.e., −ϱ Ͻ Ͻϱ. The coefficients V G were obtained by evaluating the following integral:
where L is the sum of the well width, a, and barrier width, b, and ⌬E g ͑x , D t͒ is the potential well determined by subtracting the resulting energy gap at x = 0 from the same at any x, i.e.,
The resulting local band gap, which is associated with the AlGaSb formed after interdiffusion, is a function of x and D t through its concentration dependence,
where a temperature-independent bowing coefficient, E B , of 0.47 eV ͑Ref. 22͒ was used. E AlSb and E GaSb are the energy band gaps of AlSb and GaSb calculated at 77 K from Varshni parameters. 20 Figure 1 shows the valence and conduction energy bands for an AlSb/ GaSb superlattice as a function of position at different values of D t, assigning 80% of the total band-gap discontinuity to the conduction band, 22 assuming D is composition independent. This plot depicts the changes in the potential profile as the interdiffusion proceeds. As D t is increased, the profile becomes less square with substantial grading of the quantum well. All QW's were assumed to interdiffuse at the same rate.
The two models differ in the generation of the concentration profile used to determine the potential. Model 1 used an analytical solution to Fick's second law by assuming an interdiffusion coefficient independent of concentration, D ,
while model 2 numerically solved Fick's second law of diffusion for discrete values of concentration using Darken's equation ͓Eq. ͑1͔͒ to relate a concentration-dependent interdiffusion coefficient D ͑c͒ to the intrinsic diffusion coefficients of Al in GaSb ͑D Al ͒ and Ga in AlSb ͑D Ga ͒. In model 2, Fick's second law equation was solved using the forward time-centered space ͑FTCS͒ representation to calculate the composition profiles. 23 The energy-band potential profiles were then determined from these composition profiles, transformed into a Fourier series, and used to solve for the eigenvalues of the Schrödinger equation. The wave function n ͑x͒ was expanded into plane waves as n ͑x͒ = ͚ k B͑k͒e ikx , where k is a real function of integer, n, k =2n / L. The wave equation resulting from the substitution of both series, n ͑x͒ and the potential-energy profile V͑x͒, into Eq. ͑2͒ is
Confinement energies for the conduction and valence bands were obtained from the eigenvalues solved for the respective particle evaluated. The plane-wave basis set was truncated at 101. The eigenvalue solutions were obtained and ordered, taking the smallest value, E 0 , as the interband transition level observable through PL. The expected PL energy, E PL , is therefore,
where subscripts e and h denote the conduction-and valence-band confinement energies. E exc accounts for the exciton binding energy, estimated using a hydrogenic model. 24 For model 1, an interdiffusion coefficient was determined for each anneal through fitting the experimental PL peak shift to the expected shifts as a function of D t, since the diffusion time is known. Subsequently, the Arrhenius temperature dependence of the interdiffusion coefficient was used to determine the activation energy and preexponential factor of Al and Ga in the ͑Al, Ga͒Sb/ GaSb material system. For model 2, the experimental PL shifts were compared to calculated PL shifts at various combinations of Ga diffusivities ͑D Ga ͒ and Al and Ga diffusivity ratios ͑r = D Al / D Ga ͒ to determine the most probable values at each temperature and obtain the activation energy and preexponential factors.
The Kronig-Penney model was used to generate analytical solutions to the multi-QW/superlattice structure at the initial conditions, i.e., D t = 0, for the problem at hand. 
III. RESULTS
All structures used for this project were grown below their critical thickness according to superlattice strain criteria reported by Houghton et al., 26 in order to prevent the formation of misfit dislocations at the interfaces. Threading dislocations can act as a diffusion "pipe" with a high local diffusivity. Similarly, diffusional processes can affect the dislocation generation, particularly in highly strained systems. Samples below the critical thickness were therefore used to eliminate the possibility of additional energy ͑i.e., extended defect-related͒ levels within the band gap and their associated recombination paths which would affect the PL measurement interpretation.
Before annealing, XRD rocking curves were obtained at four points along the radius to verify the uniformity across the grown wafer. Also, XRD spectra were collected to study the structural changes resulting from the interdiffusion. The XRD spectra, shown on Fig. 2 , depict three rocking curves obtained from the as-grown samples, and after two different annealing treatments. Simulation software was used to determine the thickness and mean composition of the layers, considering the substrate 6°miscut.
The line shapes in Fig. 2 indicate a loss of intensity in the superlattice peaks, associated with the interdiffusion process. However, the overall peak structure indicates that no substantial defect introduction has occurred. As observed by Bocchi et al., it is not possible, in principle, to distinguish between compositionally graded interfaces and well thicknesses fluctuations with XRD. 27 The initial planar interface and the high degree of uniformity within the wafer support the loss of satellite intensity as being due to the compositional grading due to thermal annealing. This ambiguity motivates the use of PL to monitor the interdiffusion process.
The PL spectra taken at 77 K for AlSb/ GaSb superlattices before and after annealing at 908 K for 125 s are shown for samples 1 and 3 in Figs. 3͑a͒ and 3͑b͒ , respectively. Both figures show a blue peak shift only for the high-energy peak, which is attributed to the interband-to-interband direct recombination within the quantum well. In Fig. 3͑a͒ , the peak at lower energy, ϳ 1660 nm, has been attributed to the Ga Sb acceptor to conduction-band transition. 28, 29 In Fig. 3͑b͒ , the peaks at lower energy, ϳ 1551 and 1598 nm, are attributed to substrate band-to-band recombination ͑1551 nm͒ and to transitions of free electrons to neutral native acceptors ͑1598 nm͒. 30 Agert et al. have also attributed the 1551-nm PL peak to transitions of free electrons to unspecified neutral acceptors, and have reported this wavelength for recombination of excitons bound to an unspecified acceptor for Si-doped GaSb spectra taken at 4.2 K. 30 However, the data presented here were observed at 77 K, at which the probability of having significant excitonic emissions is reduced.
PL intensity ratios between the superlattice-and substrate-assigned peaks vary from samples 1 and 2, with respect to samples 3 and 4. Samples 3 and 4 had a thicker GaSb cap which attenuated the superlattice emission. Additionally, improved optical emission for heterostructure samples with Te-doped substrates ͑1 and 2͒ instead of undoped GaSb ͑3 and 4͒ has been previously observed. 31 PL spectra from sample 4 annealed at 848 K for longtime periods ͑Ͼ5000 s͒ lacked the high-energy superlattice peak. Sample 4 had ͑Al,Ga͒Sb barriers prior to the anneals, having a lower barrier band gap than the other samples studied which had AlSb barriers initially. In this sample, the lower Al composition barriers lead to a decreased well depth. Upon sufficient annealing and hence interdiffusion, carrier confinement was lost and the PL emission was no longer observed. Figure 4 presents the expected PL energy for AlSb/ GaSb superlattices, denoted as E PL in Eq. ͑8͒, as a function of D t. For extended diffusion conditions, i.e., high D t values, the expected PL energy converges to the value of the ͑Al,Ga͒Sb for the compositionally homogenized structure.
For Figs. 3͑a͒ and 3͑b͒ , the higher-energy peaks exhibit an energy shift of 29 and 21 meV, respectively, after annealing. The blue energy shift for this peak was closely monitored for all samples after annealing at selected temperatures and time periods in order to study the changes in band gap and confinement energy of the quantum wells as the interdiffusion progressed. Experimental energy shifts are shown in Fig. 5 as a function of annealing time. As temperatures were raised, larger energy shifts were obtained for shorter annealing times. The linear behavior, observed for annealing times lower than 5000 s, showed identical slopes for different samples annealed at the same temperature, i.e., subsamples from samples 1 and 2 at 948 K exhibited the same slope. At annealing times higher than 5000 s at low temperatures, the energy shifts followed an approximately logarithmic behavior.
Additionally, PL spectra for samples 1 and 2 annealed at 948 K for time periods longer than 250 s included additional, unassigned peaks which may be due to the Al interdiffusion and defect introduction into the quantum wells. These peaks may be due to the indirect edge carrier recombination occurring at band edges such as the L edge, k = ͑111͒, rather than the ⌫ edge, k = ͑000͒ which would be expected from our calculation of the interdiffusion. The average compositions of samples 1 and 2 are c = 0.20 and 0.24, which are close to the direct-to-indirect crossover at Al 0.21 Ga 0.79 Sb. 32 The PL energy shifts obtained from these peaks therefore did not follow the 948K line, as shown in Fig. 5 , which is based on direct-gap emission.
Samples annealed at 873 K were reannealed, doubling the initial anneal time, and compared to other samples annealed at the same temperature and total time. The energy shifts were the same for the annealed and reannealed samples, indicating that the annealing effect is cumulative and the effect of the heating and cooling transients is insignificant.
IV. DATA ANALYSIS AND DISCUSSION
A. Determining D using model 1
Confinement energies at the conduction ͑E 0,e ͒ and valence ͑E 0,lh and E 0,hh ͒ band were calculated using model 1 and are plotted in Fig. 6 as a function of the product of the interdiffusion coefficient and annealing time, D t. The electron-and heavy-hole confinement energies were added using Eq. ͑8͒ to determine the total expected PL energies as a function of D t, assuming a concentration-independent interdiffusion coefficient. The calculated PL energy shifts, plotted as a line in Fig. 7 as a function of D t, were calculated considering the heavy holes for the valence-band confinement energy. The heavy-hole band yields lower emission energies which would be those observed in the PL measurements. These shifts represent the increase in the confinement energy within the wells after the interdiffusion compared to the energy of an initial undiffused well due to the narrowing   FIG. 4 . Expected PL energies as a function of D t, calculated as shown in Eq. ͑8͒ using confinement energies from model 1. Expected PL energies were evaluated considering heavy holes ͑E 0,h = E 0,hh ͒ and light holes ͑E 0,h = E 0,lh ͒ for the calculation of the valence-band confinement energies. Also, the expected quantum well band gap, E g , is plotted as a dotted line. of the QW bottom. For the experimentally studied D t range, the energy shifts exhibit a nearly linear behavior. The slope of this line was calculated, using model 1, to be 0.0192 eV/ nm 2 for sample 1, for the D t range of 0.4-4.4 nm 2 . The experimental PL energy shifts as a function of annealing time ͑Fig. 5͒ were compared to the calculated PL energy shifts as a function of D t. These calculated PL energy shifts show a linear behavior at low values of D t, i.e., less than 4.4 nm 2 . As D t is increased, the PL energy shifts behave logarithmically, asymptotically approaching the band-gap energy of the homogenized structure. This value was not reached experimentally since the well composition of the interdiffused structure passes through the ⌫-L crossover point leading to an indirect well material. 32 The experimental data used in our analysis are restricted to quantum well compositions below the direct-to-indirect crossover. The crossover between the total emission energy for the direct ͑⌫͒ and indirect ͑L͒ bands, using heavy-hole masses for the lowest-energy calculations, was calculated using model 1 to be at a D t value of 15.9 nm 2 for this material system for samples 1 and 2.
Fitting the experimental energy shifts to the calculated slope shown in Fig. 7, a These AlSb/ GaSb interdiffusion coefficient parameters determined from samples 1-3 are comparable to those found in related material systems. Our activation energies are similar to the In 0.2 Ga 0.8 As/ GaAs ͑3.9 eV͒ ͑Ref. 33͒ and AlGaAs/ GaAs ͑4.0 eV͒ ͑Ref. 9͒ systems. Reported preexponential factor values ranged from 0.3 to 6 cm 2 / s, respectively, again similar to those reported here. For sample 4, which has AlGaSb barriers, the activation energy was slightly lower ͑2.4± 0.2 eV͒ and the preexponential factor was considerably lower than that obtained for AlSb barriers samples, suggesting a concentration-dependent interdiffusion coefficient.
B. Determining D Ga and D Al using model 2
The composition dependence of the interdiffusion coefficient for this material system was considered using model 2. Samples 3 and 4, which are heterostructures with different barrier compositions but grown on similarly undoped substrates, were used to fit the experimental PL shifts to this composition-dependent model. To determine the separate effects of the Al and Ga diffusion, as characterized by their intrinsic diffusion coefficients, the PL energy shifts were compared to expected energy shifts according to model 2. A variance was defined as the sum of the squared difference between experimental and calculated PL energy shifts. 34, 35 Contour plots of this variance were constructed as a function of D Ga and r͑r = D Al / D Ga ͒ at 848, 908, and 948 K. Figure 9 shows the contour plot of the variance at 908 K for sample 3. Local and global minima of the variance, 2 ͑D Ga , r͒, were determined for each sample at all temperatures studied. peratures studied, the global minima represented by the encircled symbols. At the global minima, the error between PL energy values from model 2 and the experimental data had an average of 34 meV for sample 3, with a 90% confidence level. D Ga and D Al values were obtained from the global minima. The highest intrinsic diffusivities obtained using model 2 did not necessarily pertain to the sample with the highest initial Al composition, as can be observed in Fig. 10 . This result suggests that the interdiffusion coefficient can be derived using the explicit concentration dependence of Darken's analysis within our experimental error. The Arrhenius parameters for these intrinsic diffusivities were determined from the data gathered from all four samples. From the linearization of the Arrhenius equation, the aluminum intrinsic diffusion in GaSb, D Al was characterized by an activation energy of 2.8± 0.4 eV and a preexponential factor of 0.82͑+100/ −0.8͒ cm 2 / s. Similarly, the parameters obtained for the gallium intrinsic diffusivity in AlSb, D Ga , were 1.1± 0.1 eV as the activation energy, with a preexponential factor of 3͑+4/−2͒ ϫ 10 −11 cm 2 / s. Jahnen et al. 15 The comparison of models 1 and 2 for the data obtained for samples 3 and 4, which assumes that the Al and Ga intrinsic diffusion coefficients are independent of Al composition, leads to the conclusion that concentration dependence of the interdiffusion coefficient is not negligible.
It should be noted that samples 1-3 should possess the same interdiffusion parameters. The difference between sample 1 / 2 and sample 3 lies in the substrate used for growth. Given the temperature of growth all samples would be intrinsic during the growth process. The defect concentration within the substrate can be different and dependent on the doping through an interaction of the Fermi level with the charged defects, e.g., vacancies. While at high-temperature equilibrium, the doping in the substrate should have little or no effect on the defect concentration within the growing layer. This result, outside of experimental error, may indicate that a possible gradient in the type of defects between the substrate and growing layer may influence the resulting diffusion process. It would be a change in the type of defect present that would give rise to the variation in activation energy.
V. SUMMARY
Al and Ga interdiffusion across ͑Al, Ga͒Sb/ GaSb quantum well interfaces has been studied. A significant concentration dependence to the interdiffusion was determined for this diffusion couple over a broad range of diffusion conditions. The values of the activation energies for the interdiffusion coefficients agree well with other material systems which have been described through a vacancy-driven diffusion mechanism.
